1. Introduction {#sec1}
===============

The gut comprises an abundant and diverse community of microorganisms (archaea, fungi, protozoa and viruses), which is collectively referred to as the "gut microbiome" ([@bib39]). A typical gut microbiome may comprise trillions of microbial cells from over several hundreds of different species, which genomes can entail, globally, over three million genes ([@bib141]). This complex ecosystem is not a passive colonizer of our gut, but rather interacts with the host in many ways, contributing to various processes such as nutritional absorption, metabolism, immunity, tissue development, and carcinogenesis ([@bib21]; [@bib48]). Alterations in the composition of the gut microbiome - a state known as dysbiosis - have been associated with a growing number of prevalent human diseases, including cancer ([@bib137]). Indeed, it has been estimated that more than 20% of the cancer burden worldwide is attributable to known intestinal infectious agents that are often normal residents of the intestinal microbiota ([@bib185]). In particular, dysbiosis-related inflammation and the biosynthesis of chemical carcinogens (e.g. acetaldehyde, N-nitroso compounds) by microbes are among several possible mechanisms through which the microbiota may have a role in carcinogenesis ([@bib11]; [@bib83]; [@bib131]; [@bib139]). The colon is the most heavily colonized section of the digestive tract, and it has been estimated that this organ contains approximately 70% of the estimated human microbiome ([@bib140]). The colon is also the section of the digestive tract that is more prone to develop cancer, with cancer incidence being 12-fold higher in the colon as compared to the small intestine ([@bib59]). In addition, known risk factors in colorectal cancer (CRC), such as dietary habits and life-style ([@bib110]; [@bib154]), are known to modulate the gut microbiota. Thus, a plausible hypothesis is that certain colonic microbes or alterations of the typical resident colonic flora may create a microenvironment that is more favorable to tumor development. This hypothesis is supported by findings from several studies that explored the gut microbiota associated with individuals with CRC ([@bib59]; [@bib83]; [@bib162]; [@bib163]). In this regard, a growing number of studies report specific alterations in the gut microbiome associated with CRC and explored its value for CRC screening ([@bib167]). This is particularly important for CRC, as an early diagnosis of the tumor (in stages 0, I or II) is associated to 80% survival rate over five years, which is reduced to only 10% in later diagnosis (stage IV). In this context, the detection of specific microbiome alterations has emerged as a promising strategy for CRC diagnostics ([@bib167]; [@bib176]). Finally, some bacterial genera have been hypothesized to be protective against CRC ([@bib7]). This protective phenotype may be mediated through metabolite production, induction of immunological tolerance, or an ability to outcompete pathogenic bacteria or fungi ([@bib36]; [@bib182]). In the long run, a better knowledge of the relationships between the microbiota and the origin and progression of CRC may open novel opportunities for the development of therapies targeting the microbiome. In this regard the development and use of prebiotics, probiotics, specific antibiotics, phage therapies, or the transplantation of whole microbiomes may bring new tools for the prevention and treatment of CRC ([@bib77]; [@bib98]; [@bib136]). In this review we provide an overview of how the gut microbiome is studied and survey recent research directed towards unveiling possible relationships between gut microbiota and the origin and development of CRC. We next provide an overview of potential applications related to microbiome-based diagnostic and therapeutic tools, which are still in very early-development stages. Finally, we discuss the current limitations and future potential of this field of research.

2. The gut microbiome and approaches to assess it {#sec2}
=================================================

Metagenomic studies have most commonly used one of two main approaches to assess the composition of microbiomes: whole-genome shotgun (WGS) sequencing, and 16S ribosomal RNA amplicon sequencing. In both cases, DNA sequences of microbes present in a given sample are read using next generation sequencing technologies, and compared to a database of known sequences to determine the presence and abundance of particular taxa. Depending on the sequencing and analysis approach, a resolution at the strain, species, genus, or higher taxonomic levels can be achieved, often depending on the specific clades. In addition, WGS can provide information on the genes encoded by the strains present in the sample, at least the most abundant ones. This information can be used to reconstruct potential metabolic capacities of a given microbial ecosystem.

WGS is performed by randomly fragmenting all the DNA into small segments multiple times, so as to determine the sequences of millions of fragments in parallel. Then they are assembled into longer fragments (contigs) corresponding to chromosomal regions (perhaps full genomes for the most abundant species) by piecing together the overlapping ends ([@bib6]). Finally, these contigs are annotated and analyzed in terms of their taxonomic origin and functional capabilities. However, the most commonly used technique in metagenomic studies these days is the targeted sequencing of the 16S rRNA gene, which is present in all bacterial and archaeal genomes. This gene has highly conserved regions that allow for the use of universal primer sequences to bind to and specifically amplify them. Between the highly conserved regions of this 16S gene, there are nine highly variable regions (named V1 through V9), so mapping the read sequences to a database of known 16S rRNA gene sequences allows for taxonomic identification of the bacteria present in a sample ([@bib164]). Focusing on just one or two of these segments of this particular gene highlights the advantage of the 16S sequencing technique: the vast reduction in cost and data management which enables cost-effective, large-scale studies. The primary disadvantage of 16S sequencing however is the lack of taxonomic resolution; while the variable regions of the gene are particular to different organisms, finding differences within this section of a few hundred base pairs versus differences across the entire genome can often limit identification to only the genus level. In contrast, WGS allows for more accurate detection of species, or even strains, and diversity within samples, as well as identification of the coding potential of the genome, which can only be indirectly inferred in the case of 16S sequencing, by extrapolation from known genomes ([@bib124]). Further details on the methodologies used in metagenomics analyses can be found elsewhere ([@bib100]; [@bib149]).

Both 16S and WGS approaches have been extensively used to study the human gut microbiome, perhaps the most intensively studied niche so far, with two main large international consortia playing a major role in driving the field: the Metagenomics of the Human Intestinal Tract (MetaHIT) ([@bib92]), and the Human Microbiome Project (HMP) ([@bib71]; [@bib136]). One of the earliest large-scale analyses used WGS to provide a catalogue of bacterial genes present in the gut microbiome based on an analysis of 124 European individuals ([@bib121]). They also catalogued between 1000 and 1150 prevalent bacterial species, of which each individual carried at least 160. In this early work, clustering analyses already showed distinct microbial compositions for individuals having specific gut alterations such as Crohn\'s disease or ulcerative colitis. Later analyses showed that healthy individuals also clustered into different microbiome composition profiles, which were dubbed "enterotypes" driven by the abundances of one or a few different organisms ([@bib12]). The enterotype concept has been somewhat controversial in the field, with some authors suggesting that instead of placing samples into discrete clusters, a gradient of abundances should be recognized to better compare samples ([@bib73]), while others prefer the cluster-centric approach, with the use of carefully defined boundaries ([@bib38]). Moreover, it is as yet not entirely clear whether enterotypes are determined by extrinsic factors such as diet, or immune state, represent intrinsically different ecological optima, or both ([@bib38]). Therefore, whatever the enterotype philosophy, samples may also be stratified, either instead by or alongside, other factors like medication ([@bib57]), age ([@bib74]), lifestyle ([@bib15]) or diet ([@bib180]). Similarly, there has been a major interest in finding what microbiome differences may associate with the presence (or the risk of developing it in the future) of a particular disease. Such studies compare microbiome compositions between donors having a particular condition, and a control group, to then find significant differences. Such studies have been dubbed Metagenome-Wide (or Microbiome-Wide) Association Studies (MWAS) in analogy to Genome-Wide Association Studies (GWAS) ([@bib62]; [@bib161]). Finding such associations is the first step not only to discover potential new mechanisms underlying the origin, progression, or the effects of the disease, but also for the development of future diagnostic and therapeutic tools based on the monitoring or modulation, respectively, of key elements of the microbiota ([@bib136]). Particular differences found between CRC and control samples, and their relevance for understanding, detecting, and treating the disease are discussed in subsequent sections of this review.

The deep understanding of the functional roles of the gut microbiota and its interactions with the human host is a further step, which is needed to enable the application of microbiome knowledge to the clinics. In this line, the use of metatranscriptomics and metabolomics approaches can be complementary to metagenomics approaches. Metatranscriptomics is the sequencing-based analysis of expressed transcripts in a sample, which provides information on what genes are active at the time of the experiment. Metatranscriptomics can help to elucidate biological functions underlying microbial dysbiosis associated to multiple diseases. Some metatranscriptomic studies have been conducted to explore the functional role of the human gut microbiota ([@bib58]; [@bib125]) and its relationship with disorders such as inflammatory bowel disease (IBD) ([@bib135]). However, in CRC there is an obvious gap, with, to the best of our knowledge, no exhaustive metatranscriptomics studies available in CRC patients. The scarcity of metatranscriptomic studies is likely related to specific limitations that complicate its use, such as the low stability of RNA, the need to deplete ribosomal RNA, and the complexity of downstream data analyses ([@bib1]).

Metabolomics is the study of small molecules or metabolites present in biological specimens. Metabolites and other chemical compounds are the ultimate link mediating host-pathogen interactions, and therefore the metabolome may provide important mechanistic insights into cancer-related processes ([@bib8]). Metabolites of microbial or host origin are released in the gut and affect the tumor microenvironment. The main final aim of metabolomics research in CRC is to apply this knowledge to i) improving understanding of CRC etiology -- for individual/population risk stratification, and effective cancer prevention policies, ii) describing metabolite profiles capable of predicting patients with CRC at early stages of tumorigenesis, even distinguishing solitary adenoma from disease-free controls (diagnosis biomarkers) ([@bib50]; [@bib152]; [@bib156]), and iii) finding prognosis, survival and recurrence biomarkers to improve intervention and treatment strategies in patients with different molecular CRC subtypes ([@bib95]; [@bib122]). In addition, metabolomic analyses can serve as orthogonal lines of evidence to confirm mechanistic hypotheses generated in MWASs.

3. Relationships between gut microbiome and colorectal cancer {#sec3}
=============================================================

CRC is a complex malignant disease whose multi-stage development involves numerous factors, including genetic and environmental risk factors. It has been shown that an accumulation of genetic and epigenetic alterations in proto-oncogenes, tumor suppressor genes, and/or DNA repair genes, leads to transformation of the normal colonic epithelium into tumoral cells ([@bib56]). The majority of CRC cases occur sporadically and less than 20% of CRC cases are hereditary ([@bib27]). Smoking, alcohol consumption, obesity and diabetes are all known factors involved in this disease. Dietary factors such as a diet rich in processed foods, animal fat and red meat coupled with a low intake of fibre and fruits have also been validated as an important risk factor for the development of sporadic CRC ([@bib110]). More recently, an increasing number of studies report alterations of the gut microbiota in CRC samples, suggesting that gut microbiota may be an essential contributing factor to the initiation and development of this cancer.

The gut microbiota is involved in the maintenance of mucosal homeostasis and epithelial barrier function. In a healthy situation, the intestinal barrier is efficiently compartmentalizing bacteria to the lumen, but perturbations in gut barrier function can lead to increased "intestinal permeability", which has been shown to be associated with a variety of gastrointestinal disorders and diseases, including inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), celiac disease, and CRC development ([@bib10]; [@bib19]; [@bib115]; [@bib133]). In addition, the collective activities of gut microbes and particularly their metabolic products can have a major influence on the immune response, and be a source of chronic inflammation. Microbiota and their metabolites, such as short chain fatty acids (e.g. butyrate) might induce dysfunction in the gut epithelial barrier, thereby activating proinflammatory mediators such as cytokines, interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α), that damage epithelial cells and their junctions ([@bib170]; [@bib172]). Some specific bacterial species can trigger inflammatory responses or produce toxins that directly damage gut cells. For instance, *Bacteroides fragilis* and *Enterococcus faecalis* produce enterotoxins (i.e. fragylisin) and reactive oxygen species that cause oxidative DNA damage, induce inflammation, and damage the epithelial barrier ([@bib63]; [@bib170]). In addition, *B. fragilis* activates β-catenin nuclear signalling and induces cellular proliferation ([@bib169]). Similarly *Fusobacterium nucleatum* can induce inflammatory changes by directly adhering to and invading colonic epithelial cells via the FadA surface protein, which interacts with E-cadherin to mediate changes in β-catenin and Wnt signalling ([@bib83]; [@bib131]). As we will see below, some of these bacterial species have been shown to have significantly different abundances in CRC samples as compared to healthy controls.

A growing body of evidence indicates that CRC arises from a stepwise disturbance of the composition of the gut microbiota, induced by food components or diet, plus genetic alterations in oncogenes and tumor-suppressor genes ([Fig. 1](#fig1){ref-type="fig"}). Several microbes have been found to be differentially enriched in tumor versus normal tissues or in fecal samples from patients with CRC versus healthy control subjects. Altered taxa in CRC are different depending on whether the samples are obtained directly from mucosal or from fecal samples ([@bib54]; [@bib61]). However, despite the fact that the fecal microbiome is only a proxy for the gut microbiome, this non-invasive approach has provided crucial information of the changes in the gut ecosystem associated with CRC, and is the most commonly used sampling method in gut microbiome studies. Numerous studies comparing fecal microbiota from CRC patients versus controls have shown that despite having overall similar microbiomes, sets of significantly enriched and depleted microorganisms can be identified that differentiate CRC and control populations ([Table 1](#tbl1){ref-type="table"}, [Fig. 1](#fig1){ref-type="fig"}). Microbiome in CRC patients is often enriched in pro-inflammatory opportunistic pathogens and microbes associated with metabolic disorders and depleted in butyrate-producing bacteria, which have been shown to be pivotal for the preservation of intestinal homeostasis ([@bib60]; [@bib102]). Some bacteria such as *Streptococcus gallolyticus* (in the past *Streptococcus bovis*), *F. nucleatum*, *Escherichia coli*, *B. fragilis* and *E. faecalis*, have high prevalence in CRC patients as compared to the normal population, whereas genera such as *Roseburia*, *Clostridium*, *Faecalibacterium* and *Bifidobacterium* are generally depleted in CRC patients ([@bib51]; [@bib59]; [@bib60]; [@bib143]; [@bib162]; [@bib173]; [@bib179]). Although there is significant interest in identifying specific oncomicrobes, no single species has been found to be universally present among all individuals with CRC and there is significant variation in microbial composition between individuals ([@bib138]). This suggests that different combinations of microorganisms - also known as co-abundance groups - may act synergistically. In addition, changes in both harmful and protective bacterial populations are probably responsible for colon tumor initiation and/or progression.Fig. 1**Microbiome dysbiosis in CRC.** This figure summarizes factors influencing the gut microbiome, a model for dysbiosis in carcinogenesis process of CRC, and a description of the bacteria species accounting for dysbiosis in CRC. U**pper part:** factors shaping the gut microbiome: host (genetics and non-genetics), lifestyle (diet, exercise, sleeping time, etc), and environmental (pool of colonizing strains) factors. All those factors may have an influence in the microbiome, which in turn may influence the state of health/disease of individuals. Other factors influencing the state of gut microbiome include stochastic effects, presence of driver/passenger species, its compositional state and metabolomics. **Middle part:** The multi-step process of carcinogenesis and the influence of the microbiome. As suggested by several authors, imbalances in the normal content of the gut microbiome (gut dysbiosis) lead to colonization of driver bacteria that induce a chronic inflammation of the gut epithelia. This inflammation changes the microenvironment and biofilm and allow a new colonization by passenger bacteria, which may contribute to carcinogenesis process from adenomatosis to tumor formation. **Bottom:** Bacterial species enriched/depleted in CRC both tumor and feces samples as compared to control samples.Fig. 1Table 1**Gut microbiota identified in CRC patients and healthy individuals, classified in bacteria enriched, depleted or being controversial in CRC.** Columns indicate, in this order: phyla of the bacteria, genus of the bacteria, species of the bacteria identified if having this level of resolution, type of sample studied (feces or tissue), description of the mechanism through which the described bacteria exert their function if known, and methodology used to assess the microbiome.Table 1PhylaGenusSpeciesSampleMechanism/FunctionMethodReferencesEnriched in CRC*ACTINOBACTERIACollinsella\-\--*TNA16S[@bib102]*Slackia\-\--*TAnti-oxidant potential16S[@bib102]*BACTEROIDETESAlistipesA. finegoldii\**FInflammatory16S, WGS([@bib16]; [@bib40]; [@bib51])*BacteroidesB. fragilis\**F, TInflammatory, enterotoxigenic (fragilisin)16S, WGS([@bib40]; [@bib46]; [@bib67]; [@bib162])*PorphyromonasP. asaccharolytica\**F, TInflammatory16S, WGS, qPCR([@bib2]; [@bib30]; [@bib40]; [@bib162])*PrevotellaP.intermedia\**F, TInflammatory16S, WGS, qPCR([@bib40]; [@bib54]; [@bib148])*EURYARCHAEOTAMethanobrevibacter*--F, TNA/methane producer16S, qPCR[@bib105]*FIRMICUITESEnterococcusE. faecalis*F, TInflammatory, oxidative stress16S, qPCR([@bib162]; [@bib181])*Gemella\-\--*F, TNA16S([@bib5]; [@bib30])*Mogibacterium*--F, TNA16S[@bib30]*ParvimonasP. micra\**F, TInflammatory, Immune response16S, WGS, qPCR([@bib5]; [@bib40]; [@bib46]; [@bib55]; [@bib173])*PeptostreptococcusP. stomatis\*, P. anaerobious*F, TOxidative stress16S, WGS, qPCR([@bib30]; [@bib46]; [@bib155]; [@bib162])*Staphylococcus\-\--*FNA16S[@bib171]*SolobacteriumS. moorei*FNAWGS, qPCR[@bib173]*StreptococcusS. gallolyticus\* (previously S.bovis biotypeI)*F, TInflammatory16S, qPCR([@bib5]; [@bib20]; [@bib79]; [@bib144]; [@bib162])*FUSOBACTERIAFusobacteriumF. nucleatum\**F, TInflammatory, butyrate producer16S, WGS, qPCR([@bib40]; [@bib46]; [@bib69]; [@bib83]; [@bib94]; [@bib102]; [@bib146]; [@bib167]; [@bib180])*PROTEOBACTERIAEscherichia\-\--*F, TGenotoxin (colibactin), DNA mismatch repair, DNA damage checkpoint16S([@bib114]; [@bib150]; [@bib151]; [@bib162])*HelicobacterH. pylori*TInflammatory16S([@bib64]; [@bib76])*Klebsiella*--F, TAlter the cell biology of the host16S([@bib30]; [@bib162])*SYNERGISTETESThermanaerovibrioT. acidaminovorans\**FNAWGS[@bib40]*VERRUCOMICROBIAAkkermansiaA. muciniphila*F, TImmune modulatory (involved in PD-1 blockade efficacy)16S([@bib105]; [@bib130]; [@bib163])**Depleted in CRC***ACTINOBACTERIABifidobacterium*SeveralF, TImmune modulatory, anti-inflammatory, butyrate production16S, WGS, qPCR([@bib25]; [@bib30]; [@bib51]; [@bib65])*BACTEROIDETESBacteroidesB. vulgatus, B. uniformin*FInflammatory16S[@bib162]*FIRMICUITESAnaerostipes*--TButyrate producer16S[@bib30]*ClostridiumC. butyricum*FSecondary bile acids producer, apoptosis of CRC cells, inhibition of tumorigenesis (mice)WGS[@bib40]*EubacteriumE. ventriosum*F, TInflammatory, butyrate producer, DNA damage16S, WGS,([@bib30]; [@bib171]; [@bib173])*FaecalibacteriumF. prausnitzii*F, TAnti-inflammatory, butyrate producer16S, qPCR([@bib14]; [@bib30]; [@bib102]; [@bib142])*Lactobacillus*--F, TImmune modulatory (activation T-cells), mucus barrier maintenance16S[@bib30]*Roseburia*--F, TAnti-inflammatory, butyrate producer16S([@bib102]; [@bib104]; [@bib162])*RuminococcusR. gnavus*TSCFA producer, secondary bile acid producer16S([@bib30]; [@bib127])*PROTEOBACTERIACitrobacter*--TInflammatory16S[@bib102]*Cronobacter*--TInflammatory16S[@bib102]*Kluyvera*--TInflammatory16S[@bib102]*Salmonella*--TInflammatory16S[@bib102]*Serratia\-\--*TInflammatory16S[@bib102]*SPIROCHAETESTreponema\-\--*FNA16S[@bib183]**Enriched in CRC feces/Depleted in CRC tumor tissue***PROTEOBACTERIA*  *Shigella\-\--*F, TInflammatory16S([@bib102]; [@bib153]; [@bib162])

Different hypotheses have been put forward to explain the role of microbial unbalance in carcinogenesis. Some authors propose that some types of dysbiotic gut microbiota originate a functional imbalance that triggers sustained pro-inflammatory responses and epithelial cell transformation, leading to cancer ([@bib66]; [@bib85]; [@bib101]). A related hypothesis is the 'driver-passenger theory' ([@bib153]). According to this model indigenous intestinal bacteria (defined as driver bacteria) trigger the DNA damage in epithelial cells, which in turn contributes to cancer initiation. In a second step, ongoing tumorigenesis alters the surrounding microenvironment, favoring the proliferation of opportunistic bacteria (termed bacterial passengers). Thus, this model proposes that disease progression causes changes in the microenvironment as a result of the growing tumor, and bacteria are replaced by others which show a competitive advantage in the tumor microenvironment and are capable of nurturing tumor progression. This scenario suggests that bacterial drivers and passengers have distinct temporal associations with CRC and may have separate roles in pathogenesis.

4. Microbiome-enabled early diagnostics of CRC {#sec4}
==============================================

The transition from normal mucosa to CRC is a multi-step process, from the development of pre-neoplastic lesions to the adenomatous polyps. The adenoma-carcinoma sequence may take at least 10 years to develop, which makes CRC an ideal malignancy to be screened. Screening can prevent CRC by the detection and removal of precancerous growths, or by enabling the detection of cancer at an early stage, when treatment has a higher success rate. Guided by these promising facts, several countries have adopted population-wide screening and prevention programs aimed at improving CRC survival. The main screening strategies used worldwide are the fecal occult blood test (FOBT) and the fecal immunochemical test (FIT), which are generally coupled to a subsequent colonoscopy when the test is positive and other parameters recommend it ([@bib112]). A broad meta-analysis showed that FOBT and FIT reduced the mortality of CRC by 14% and 59%, respectively, as compared with no screening in average-risk populations ([@bib177]). This study also concluded that colonoscopy is the most effective examination to reduce CRC mortality. However, colonoscopy requires previous bowel preparation and sedation, and it is an expensive, time-consuming, and invasive procedure that exposes patients to serious medical complications ([@bib132]). These limitations prevent the application of colonoscopy on population-wide screenings and highlight the need for efficient pre-colonoscopy tests. FOBT and FIT share the advantage of being non-invasive, stool-based techniques but they have a moderate sensitivity (69--86%) to detect CRC ([@bib88]; [@bib128]). Thus, despite the undeniable advances for CRC prevention brought about by the current screening techniques, research for more accurate diagnostic and prognostic biomarkers is still needed. Most current research is directed towards finding additional criteria, such as risk factors and other biomarkers to be considered by the decision algorithms used to derive persons with a positive FOBT or FIT test to colonoscopy. In this sense, some molecular biomarkers related to the processes underlying carcinogenesis in CRC are being considered. These include circulating tumor cells, cell-free DNA, microRNAs as well as metabolites from plasma samples ([@bib35]).

Given the growing evidence of the existence of microbiome alterations associated to CRC, and the likely involvement of the microbiota in the origin and progression of cancer discussed above, microbial markers have recently emerged as a promising additional factor to be considered in early screenings. In this context, over the last years, many studies have shown the possibility of using different microbiome signatures (especially in stool) to differentiate between patients with CRC and control individuals, and to some extent also from advanced adenomas ([@bib81]). A general observation from studies comparing CRC and control microbiomes is that the overall microbial composition does not seem to differ extensively, but differences rather involve abundances of some key organisms ([@bib176]). Accordingly, an effort in many such studies is to narrow down whole microbiome signatures to differences in specific species or sets of species that could act as indicators. This could significantly reduce the cost and time of diagnostic efforts by enabling the development of specific tests for the presence and abundance of those indicative species, without the need to assess the whole microbiome. For instance, as mentioned above, *F. nucleatum* has consistently been found associated with CRC development and progression, being enriched both in feces of patients with adenoma and CRC as compared to control individuals, as well as in tumoral tissue in comparison with surrounding normal tissue ([@bib28]; [@bib53]; [@bib82]; [@bib173]). Consistently, a recent meta-analysis concluded that this sole species could be used as a biomarker for a non-invasive screening in CRC and colorectal adenoma ([@bib179]). Additional efforts have been conducted to identify bacterial markers to predict the risk of developing CRC in a more efficient way ([@bib3]; [@bib126]; [@bib176]), with a claim of similar accuracy to the standard FOBT ([@bib176]). However, it is still unclear whether such studies are extrapolable to other populations, as host genetics, and environmental and lifestyle factors are known to play an important role in the composition of the gut microbiota. Additionally, differences between studies, including the quality of samples, or the experimental protocols and bioinformatics tools used can have an influence. To overcome this potential lack of reproducibility and to obtain more consistent outcomes, two recent meta-analyses have been performed, which gathered 16S sequencing ([@bib142]) or shotgun metagenomic data ([@bib40]) from different populations. In both of them, the authors identified microbial markers consistently enriched or depleted in CRC, regardless of differences in population and technologies applied between studies. Specifically, one of these studies ([@bib40]) found seven bacterial markers that were enriched in CRC patients and had a good a performance in differentially classifying CRC from controls across four ethnic cohorts from three different countries. A broader meta-analysis collecting 28 gut microbiome datasets showed that some studies claiming to present disease links actually shared some microbiome signatures, suggesting that some reported connections may actually be non-specific ([@bib47]). Nevertheless, these authors did show that CRC patients could be clustered separately from controls based on the microbiome in all four CRC studies included, and that there was significant agreement in the observed microbial shifts in three out of the four. In any case, as in any other disease association study, the potential for overlap and uncertainty in markers identified by different studies requires further exploration. Hence, despite the great advances disentangling the bacterial signatures underlying CRC, the use of microbiome biomarkers for early detection of CRC is still not being used in clinical routine.

In addition to the use of the microbiome, some studies have explored the metabolome, mostly in feces, to find CRC-associated signatures \[reviewed in ([@bib178])\]. Some fecal metabolites (short-chain fatty acids such as acetate and butyrate, fructose, linoleic acid and nicotinic acid among others) have been suggested as potential diagnostic markers of CRC since they have been found at lower levels in fecal metabolome of CRC patients in comparison to healthy individuals ([@bib109]; [@bib119]). Some other studies claim the possibility of discriminating between CRC patients and tumor-free controls using a panel of urinary metabolites ([@bib32]) or differentially expressed serum metabolites with a sensitivity of 0.981 and a specificity of 1.000 ([@bib91]). However, a prospective cohort study of patients with CRC could distinguish early-stage patients from more advanced stages of the disease but not intermediate stages based on the urinary metabolome ([@bib95]). As in the case of the microbiome, extrinsic and genetic factors may affect the metabolome, and this technique also suffers from similar reproducibility and standardization problems ([@bib160]). Thus metabolic profiling has the potential of being used as a biomarker for CRC diagnosis, but still more extended and comparable studies are needed to obtain more clear and robust conclusions. Overall, the final purpose of all this emerging research is integrating information on genomics, epigenetics together with microbiome, metabolomics and lifestyle and environmental factors to construct new risk models which are more robust and precise, thereby enabling a better prediction on CRC initiation, progression as well as therapeutic strategies.

5. The gut microbiome as a therapeutic target in CRC {#sec5}
====================================================

Apart from the effects of human host genetics ([@bib68]; [@bib84]), the composition of the gut microbiome is influenced by many host extrinsic factors, including diet ([@bib145]), medications ([@bib17]; [@bib86]; [@bib99]), and other lifestyle components, such as exercise, smoking, and sleep cycles ([@bib18]; [@bib33]; [@bib43]; [@bib108]). In addition, research leading to the design of pre- and probiotics able to modulate the gut microbiome, the transplantation of fecal microbiota from healthy donors, or the use of phage therapy, among other strategies, has intensified in recent years ([@bib184]). This modulability of the gut microbiota opens the possibility of novel therapeutic approaches to prevent or treat diseases that are originated or influenced by alterations in the microbiota. Most clinical and pre-clinical studies assessing microbiome-modulation treatments suggest that these therapies may have an advantage over synthetic drugs, at least in terms of their potential side-effects ([@bib75]; [@bib98]). Given the potential relationships of the gut microbiota with the origin and development of CRC discussed above, there is an increasing interest in exploring microbiome-related therapies for aiding in the prevention and treatment of this cancer. So far, strategies under development for CRC include fecal microbiota-transplantation (FMT), use of pre-/probiotics and diet, and phage therapy.

FMT was first described in 1958 ([@bib49]), when it was used to treat *Clostridium difficile* infection (CDI)*,* and it was shown to help restore a beneficial microbial composition. Later on, several studies showed that FMT was an effective treatment in more than 80% of patients with CDI ([@bib13]; [@bib89]; [@bib157]). More recently, FMT has been re-evaluated as a promising therapeutic method to treat other disorders involving gut dysbiosis, such as CRC, ulcerative colitis, IBD, IBS, metabolic syndrome, obesity, types 1 and 2 diabetes, atopy, multiple sclerosis, autism ([@bib52]). Some case reports have shown favorable outcomes, yet demonstrating these effects on a larger scale has proved difficult. In a single-arm open-label study of patients with IBS, FMT proved to be safe and relatively effective ([@bib107]), however further studies are needed to further develop this approach.

To date there are no conclusive data from clinical trials in humans using FMT to treat CRC, but two recent studies using mouse models have shown its potential. The first one demonstrated that the gut microbiome of wild-type mice, when transplanted, conferred traits that promote host fitness and limit inflammation of induced neoplastic development ([@bib129]). A second study showed that fecal microbiota from patients with CRC promoted tumorigenesis in germ-free mice and mice supplied with a carcinogen ([@bib168]). Overall, FMT stands out as a promising strategy in the treatment of CRC patients, although there are still open questions to be discussed and potential risks that need a deeper revision. For the use of FMT in this and other diseases, the debate is still open with respect to factors such as optimal storage conditions of stool, standardization of processes, selection of donors and recipients, as well as establishment of a proper cycle of FMT administration, dose, and frequency. There is at least one clinical study showing no significant difference in clinical resolution of patients with CDI comparing both frozen and fresh FMT ([@bib89]). Safety and efficacy of FMT in CDI has been proven, although larger long-term follow-up studies are needed to identify potential long-term adverse effects. Potential risks of FMT include transmission of pathogens, particularly to immunocompromised patients, transmission of recessive elements silent in healthy donors ([@bib134]), and transmission of other factors accounting for chronic diseases i.e. although controversial, a case report suggested transmission of obesity to a patient ([@bib4]). Among future desirable developments it is the combination of FMT with fecal DNA testing for accuracy in CRC screening, as well as a transition from whole microbiome transplant to more precise combinations of microbes ([@bib41]).

A more direct strategy is to specifically target bacteria associated to CRC development (i.e. *F. nucleatum*, *B. fragilis*, or *E. coli*). Antibiotics have been successfully used to modulate the microbiome and indirectly affect CRC progression. For instance, one study used antibiotics to treat mice xenografted with CRC ([@bib23]), and showed that the treatment reduced both the load of *F. nucleatum* and the overall growth of the tumor. However, the use of antibiotics generally have broad effects on the gut microbiota, often leading to dysbiosis and facilitating the acquisition of drug resistance. Therefore, there is a need for new products that more specifically target bacteria associated to CRC. In this context, some molecules have shown promising effects in CRC and other diseases. For instance, a glycopolymer, antagonist of the *E. coli* virulence factor FimH, showed a reduction in the adherence of *E. coli* to the intestinal epithelia, and therefore its invasiveness in a mouse model of Crohn\'s disease ([@bib78]). Also, the exposure to a low dose of a recombinant BFT-2 enterotoxin (a major virulence factor of *B. fragilis*) decreased the formation of tumors in a CRC mouse model ([@bib97]). Some authors have highlighted the importance of exploring the interaction between gut bacteria and the viral component, and its potential modulation via phage therapy. Phage therapy is a matter of current interest for its potential advantages in fighting antibiotic-resistant bacteria and its potential application the clinics ([@bib106]).

Diet has been proposed as one of the most influential factors shaping the human gut microbiome ([@bib145]). In particular, current data shows that gut microbiota changes rapidly in response to dietary changes. The observation that diet can modulate host-microbe interactions, suggests a promising therapeutic approach, with effect on immune response and metabolic pathways. Studies on mouse models have shown that alterations of the microbial community induced by deoxycholic acid (a secondary bile acid increased by western-type diet) promoted intestinal carcinogenesis ([@bib26]), and that supplementation with high dietary fiber and butyrate-producing bacteria can significantly reduce colon tumor growth ([@bib45]). Two further studies performed in pre-clinical tumor models showed that gut microbiome may influence the response of two different cancer immunotherapy agents (anti-CTLA4, and anti-PD-L1), by augmenting activation of dendritic and anti-tumor T cell responses ([@bib165]). In particular, the authors found that immunologic stimulation by *Bacteroides spp.* and *Bifidobacterium spp.* respectively, have a profound effect on therapy efficacy. Moreover, it has been reported that imbalance of dietary sphingolipids can have a major impact on the therapeutic efficacy of chemotherapy and radiation ([@bib24]). In this context, several authors have suggested the need of developing more personalized methods to study dietary interventions which might increase the efficiency of CRC treatments, as for other diseases dietary interventions are already under clinical trials ([@bib175]).

Another line of current research includes the use of probiotics. Probiotics help maintain healthy microbiota states by regulating pathogenic bacteria and immune system response, which in turn may reduce blood cholesterol, colitis, and prevent CRC ([@bib123]). Different probiotics can inhibit CRC by different mechanisms: releasing detoxifying agents, anti-inflammatory factors, anti-cancer compounds (anti-angiogenesis, promoting anti-PDL1 drugs), and short-chain fatty acids (SCFA) that improve the intestinal barrier function ([@bib96]). So far, several lines of evidence support a protective role of probiotics against CRC. For instance, it has been shown that the butyrate producing species *Clostridium butyricum* and *Bacillus subtilis* may have an anti-tumor effect in a CRC mouse model ([@bib31])**.** Interestingly, another probiotic, *Lactobacillus casei* (strain BL23) not only inhibited CRC in a mouse model, but also, re-established the disrupted gut dysbiosis in CRC ([@bib90]), whereas *L. casei* (strain ATCC 334) has been reported to produce a molecule: ferrichrome, which has been shown to inhibit progression of colon cancer by means of apoptosis mediated through the c-Jun N-terminal kinase pathway ([@bib80]). Another *L. casei* strain (variety rhamnosus, Lcr35) prevented induced intestinal mucositis in CRC-bearing mice ([@bib29]). Recent clinical studies found out that *Bifidobacterium* probiotics could restore the equilibrium of gut dysbiosis and reduce small intestinal bacterial overgrowth induced in patients with CRC ([@bib93]). Other authors suggest to focus on strategies that promote growth of positive bacteria to increase antitumor immunity, for instance, by use of prebiotics highly associated with diet. Also, the synergistic combination of prebiotics and probiotics in the form of dietary supplements or ingredients has been formulated, being called synbiotics. These include for instance OAT fiber/*L. Plantarum* and FOS/*L. sporogens* ([@bib116]). More recently, some authors highlighted the benefits of creating new generation probiotics for the treatment and prevention of CRC using genetic engineering techniques. For instance, increasing the potency of a well-documented probiotic species such as *Bifidobacterium animalis* subsp. *Lactis* (main source of butyrate: an anti-inflammatory and anti-tumor molecule), with the ability to produce mycosporin-like amino acids which exert prebiotic effects and is able to modulate host immunity by regulating cytokine production and the proliferation and differentiation of intestinal epithelial cells, macrophages and lymphocytes ([@bib22]). To date, 24 clinical trials of pro-/synbiotics therapies have been published and shown a favorable benefit for CRC patients ([@bib44]). As previously mentioned, gut microbiome has a natural anticancer effect through the stimulation of the immune system. Therefore, it has been suggested that regulation of patients' immune systems through the microbiota is one of the key mechanisms of tumor immunotherapy. It has been suggested that gut microbiota activate natural anticancer immune responses through three main mechanisms: microbial or tumoral antigens activate T-cell response which in turn may activate tumor-specific immune responses ([@bib184]). Among the species identified with known anti-tumoral response through activation of immune system (T-cells) there are: *Bifidobacteria* spp. ([@bib103]; [@bib147]), *Akkermansia muciniphilia* ([@bib130]), *Enterococcus hirae* ([@bib42]), *Bacteroides spp* ([@bib159]). Alternative mechanisms include the activation of pattern recognition receptors that mediate pro-immune or anti-inflammatory effects, and, release of small metabolites that mediate systemic effects in the host (such as polyamines, vitamin and desaminotyrosine, among others ([@bib44])). Indeed, several studies showed a relation between the gut microbiota and the efficacy and toxicity of chemotherapies and immunotherapies ([@bib44]; [@bib72]; [@bib120]). Taken altogether, these data highlight the interest of investigating the effect of new therapeutic strategies for the treatment of different types of cancer, including CRC, that benefit from the combined strategy of chemotherapy and/or immunotherapy with adjuvant treatments targeting the gut microbiota based on more personalized medicine, such as diet, probiotics and prebiotics. In this respect, recent studies have shown that oral therapy with bifidobacteria combined with PD-L1 inhibitors had a synergistic effect inhibiting almost completely the tumor growth, as compared with the individual effect of the drugs ([@bib44]; [@bib87]; [@bib130]).

6. Current challenges {#sec6}
=====================

As discussed in the previous sections, many studies have demonstrated the association between the microbiome composition and cancer, particularly CRC. Still the field faces many serious limitations that need to be considered. A recurrent limitation is that the non-bacterial components of the microbiome (i.e. fungi, protozoans, viruses) have been barely studied, mainly due to either their lower abundances or the technical difficulties in targeting them. In this regard, some promising fields which are growing rapidly are the study of the gut virome and mycobiome (i.e. the viral, and fungal components of the microbiome, respectively) in relation to CRC pathology. For example, a recent MWAS explored the virome community in fecal samples from CRC patients and control individuals using a WGS approach ([@bib111]). The authors reported a significant increase in the diversity of the bacteriophage virome in CRC patients and identified a set of viral markers (e.g. Orthobunyavirus, Inovirus and Tunalikevirus) that discriminated between CRC patients and healthy subjects and improved the performance of FOBT or FIT tests for detection of CRC. Gut virome dysbiosis was associated with CRC stage (early-vs late) and the prognosis of the disease, but it could not differentiate patients with colorectal adenomas from control individuals.

Similarly, the mycobiome has been the target of very few studies in CRC. Whereas it has been estimated that fungi are orders of magnitude less abundant than bacteria, they are ubiquitous and play key roles in the maintenance of equilibrium at the microbiome ([@bib70]). A recent fecal metagenomics study compared the mycobiome in CRC and control individuals ([@bib36]). Principal component analyses showed different clusters of fungal components for controls, early-stage CRC and late-stage CRC patients, indicating that mycobiome profiles were stage-specific. In addition, the Basidiomycota:Ascomycota ratio, which is an indicator of fungal dysbiosis, was higher in CRC patients, which were enriched in Malasseziomycetes and depleted in Saccharomycetes and Pneumocystidomycetes. At the species level, a combination of 14 fungal biomarkers were able to distinguish CRC patients from controls, and controls from early-stage CRC, both findings being validated in two independent cohorts. However, there is still very limited information about the involvement of the fungal community in carcinogenic processes, particularly in CRC. Improvement of standardization and methodologies to study the mycobiome would contribute to shedding new light on the etiopathology of the disease and to refining of diagnosis and prognosis biomarkers.

Related to the limitation of under-studied taxonomic groups, there is the limited taxonomic resolution achieved in the studied ones, which currently stays at the genus or higher levels in most studies. This lack of resolution limits our understanding of the functional impact of the microbiome, as the coding and functional potential can vary greatly among species of the same microbial genus, and even among strains of the same species. Connected to this is the currently limited use of complementary techniques such as metatranscriptomics, metabolomics and metaproteomics ([@bib100]), which have the potential to help us provide a mechanistic understanding of the roles of the microbiome.

Sample collection is another challenging step in microbiome studies. Many studies on the gut microbiome, including those related to CRC disease, are conducted using fecal samples, since it is an easy and non-invasive procedure. While fecal samples represent a powerful strategy for finding biomarkers with diagnosis and prognosis purposes, tissue samples from colonic mucosa are more valuable to disentangle the physiopathology of CRC disease. In fact, there is strong evidence pointing to different microbiome profiles between mucosal and fecal samples (reviewed in ([@bib174])). A recent prospective study using paired fecal and mucosal samples from patients with CRC confirmed not only that the fecal microbiota did not totally reflect the underlying mucosal microbiota in CRC, but also that the colonic microbiota was different between patients with distal (including rectal) tumors and proximal tumors ([@bib54]). Accordingly, further studies should consider the most relevant sample collection procedure according to the objectives, and a better definition of subphenotypes and categorization of CRC tumors. Beyond sample collection issues, there are serious challenges regarding heterogeneity and limitations in study design and analysis. As mentioned above, broadening the scope of a study by including additional metadata can reveal potentially specific links to be confounding factors, but often few such data is collected or stored alongside the sequences. Additionally, new statistical methods for analyzing microbiome compositional data are indispensable ([@bib41]). For instance, current analyses treat every taxon independently, while we know of ecological correlations between taxa. Technical variation must also be considered in any omics study and batch effect correction is often necessary for comparisons between or even within studies ([@bib37]; [@bib47]). Furthermore, compositional data are generally analyzed with a focus on relative abundances of taxa within each sample. However, this approach does not account for the effects of changes in total abundances of taxa, which can be linked to various physiological factors or metabolite concentrations. A recent technique called quantitative microbiome profiling (QMP) addresses this issue by essentially sampling an equivalent number of sequences from each sample, and correcting the counts of taxa by both the number of copies of the 16S rRNA gene known to be in that organism and the number of cells from that sample, producing the total microbial load ([@bib158]). QMP has shown that alterations in taxa that were previously associated with Crohn\'s disease are mostly driven by differences in microbial load. This technique can also reveal potential artefacts, as in the same dataset they showed that *Bacteroides* was found at higher relative abundance in Crohn\'s samples, but there was no significant difference in microbial load. The reverse was true for *Prevotella*, wherein relative abundances were not significantly different between controls and Crohn\'s samples, but QMP revealed a significantly lower microbial load of *Prevotella* in Crohn\'s. QMP is an example of a straightforward technique that can help to mitigate some of the technical variation that occurs in microbiome studies.

Another limitation, shared by many GWASs and MWASs is the potential lack of representativity of existing datasets, which are mostly focused on population of the "westernized" world. A recent study revealed the limited scope of existing data ([@bib117]). By combining 50 publicly available datasets collectively representing 9500 WGS samples from various body sites, they more than doubled the current public repository of microbial genomes associated with the human microbiome. Many of these new genomes were found in "non-westernized" populations, hinting at our lack of a global understanding of the human microbiome. Another study supporting this idea made available the microbiome of an uncontacted Amerindian population in Brazil ([@bib34]). The authors suggest the need for extensive characterization of the function of the microbiome and resistome in remote "non-westernized\" populations before globalization of modern practices affects potentially beneficial bacteria harbored in the human body. The study of the microbiome in more diverse populations would enable the generation of worldwide databases which include epidemiological and host-genetic information, for further comprehensive studies.

7. Future perspectives: from bench to bedside {#sec7}
=============================================

Despite the many limitations mentioned in the previous section, the good news is that many of them will be solved or attenuated by continuous improvements and cost reductions in sequencing technologies. Considering this, it is reasonable to predict that the near future will witness an increased focus on less covered taxonomic groups (i.e fungi, viruses) alongside bacteria, will provide increased resolution (i.e. at the species and strain level), and will additionally target less westernized populations (i.e African, Native American, etc). In addition improvements in study design, analytical methods, and increased awareness of interactions and confounding variables will help us to better disentangle relationships between microbes and origin and progression of diseases, including CRC. Similarly, we expect an increasing use, in combination with metagenomics, of complementary approaches such as metabolomics and metatranscriptomics, which will help us moving from descriptive studies to those able to derive mechanistic models of how microbes and hosts interact.

In this respect, it is also reasonable to predict a trend from generalized studies to those focusing on more personalized patterns. The analysis of longitudinal studies compiling multi-dimensional data about microbiome, diet, metabolic parameters and considering potential underlying disorders, will help to develop personalized diets and lifestyle recommendations to fine-tune the microbiota composition towards a healthy state. Also, we could hypothesize that once the composition of the microbiome of a given patient is characterized, he or she could benefit from personalized pre- and probiotics, or from a tailored phage therapy to restore a desired bacterial equilibrium ([@bib118]). Furthermore, development of new culturing technologies may help to study for instance difficult-to-culture gut microorganisms in tissue engineering organoids ([@bib166]). This will constitute an ideal manipulable and fully-controlled platform to study mechanisms of host-pathogen interactions ([@bib9]). Moreover, it would pave the way for the testing and development of personalized therapies, drug screening, or pre-clinical studies for newly developed drugs.
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